The main aims of this study were to identify and characterize the flow processes at the plot scale, and to up-scale these processes at the catchment scale by Terrain Analysis, using Digital Elevation Models (TauDEMs) based on in-situ sprinkling experiments. To calibrate the TauDEM-based method at the plot scale, in-situ sprinkling experiments were carried out on two plot scales (16 m 2 divided into 16 plots of 1 m 2 on various slopes). The marked differences in the textural and structural porosities between forest and grassland soil appear to control runoff processes. While grassland soils were characterized by a variable subsurface flow depending mainly on field slope, deep percolation was mainly found in forest soils. In addition, the map of flow directions also shows that two factors play an important role: on the one hand, the spatial sequence of the areas with a predisposition to surface runoff, and on the other, the tortuosity and length of channels that enhance the cumulative water volume in the target outlets. When based on sprinkling experiments, the TauDEM-based method provides more quantitative information on the dynamic of flow at the catchment scale. Furthermore, additional investigations are needed to validate the calculations of flow at a larger scale.
runoff generation from saturation excess in models such as Topmodel (Beven & Kirkby ; Beven et al. ; Wood et al. ) .
TauDEMs are appropriate methods to generate high resolution maps of a flow network. Digital data generated by this approach also have the advantage that they can be readily imported and analyzed by Geographic Information Systems (GISs). The technological advances provided by GIS and the increasing availability and quality of Digital Elevation Models (DEMs) have greatly expanded the potential application of TauDEMs to many hydrologic, hydraulic, water resource and environmental investigations (Moore et al. ) . The continuity of the DEM is an important contributor to interpolated gradient values, potentially affecting energy estimates as well as flow directions (Tarboton ) .
The main aims of this study were: (i) to identify and characterize the flow processes at the plot scale, and (ii) to up-scale these flow processes at the catchment scale, by combining maps of flow directions according to Tarboton (), maps of zones of predisposition to surface runoff and in-situ sprinkling experiments. The question is how much information is given by such a combination of methods compared with considering the same methods separately?
MATERIAL AND METHODS

Site description
The experiments were carried out during summer 2008 On the west side of the investigated area, the Kander River is located at 793 masl and can have streamflow discharge as high as 7.7 m 3 s À1 , as observed during the period between 1961 and 1980 (Schädler & Weingartner ) .
On the eastern part of the investigated area, the glacier deposit of the Kandergrund is divided into two main compartments (Furrer et al. ) : a moraine till deposit at the west side and slope debris on the east side (Table 1 and Figure 1 ). The mean annual temperature is 5.9 W C and the total annual precipitation is 1,274 mm. In addition to grassland soil (G1-G7), two types of forest were considered in this study: Fa (Fa1, Fa2 and Fa3) and Fb (Fb1, Fb2 and Fb3) corresponding to Spruce forest (Calamagrostio variae-Pieceetum) and Fir-Beech forest (Adenostylo alliariae-Abieti-Fagetum), respectively. The soil is described as A total of 19 plots were chosen to carry out the sprinkling experiments (Table 1) : six plots of 1 m 2 (G2-G7) and one of 16 m 2 (G1) in grassland, and six plots of 1 m 2 (Fa1-Fa3, Fb1-Fb3) in forest soil. In addition, within G1 (16 m 2 ) six plots of 1 m 2 (B3, C1, C2, D1-D3) were chosen to conduct the same irrigations with same intensities described above. These plots were chosen because they have different slopes. to be larger than 50 μm (Sekera ; Luxmoore ).
In-situ field irrigation experiments
On the 1 m 2 plots, irrigation was supplied by a rainfall simulator: a metallic disc with a surface of 1 m 2 which is perforated with 100 holes attached to small tubes that lead into a reservoir. Irrigation was applied from a height of 0.50 m from the ground. The metallic disc is moved by an electric motor, and the irrigation intensity is controlled by a flow meter (Alaoui & Helbling ) . Irrigation on the 16 m 2 plot was conducted using a watering can adjusted to uniformly irrigate the entire area; in addition a plastic tarpaulin was fixed around it to prevent any overflowing. The duration of each irrigation was 1 h. The intensities of irrigation were 24, 36 and 48 mm h À1 . In this area, the 100-year return period of rainfall is 60 mm h À1 . 0.20 m wave guides (two parallel rods of 6 mm diameter).
The calibration was performed according to Roth et al.
() who separated the impact of the wave-guide geometry from the soil properties, such as bulk density and the contents of clay and organic matter, on the dielectric constant.
TDR probes were inserted horizontally at four soil depths (i) the need to avoid or minimize dispersion;
(ii) the need to avoid grid bias, due to the orientation of the numerical grid;
(iii) the precision with which flow directions are resolved;
(iv) a simple and efficient grid-based matrix storage structure. Where the direction does not follow one of the cardinal (0, π/2, π, 3π/2) or diagonal (π/4, 3π/4, 5π/4, 7π/4) directions, upslope area is calculated by apportioning the flow from a pixel between the two downslope pixels, according to how close the flow angle is to the direct angle to that pixel centre. As only a single number needs to be saved for each pixel to represent the flow field, computer storage is simple and efficient.
Many
A block-centred representation is used with each elevation value taken to represent the elevation of the centre of the corresponding pixel. Eight planar triangular facets are formed between the pixel and its eight neighbours. Each of these has a downslope vector which when drawn outwards from the centre may be at an angle that lies within or outside the 45 W (π/4 radian) angle range of the facet at the centre point. If the slope vector angle is within the facet angle, it represents the steepest flow direction on that facet. If the slope vector angle is outside a facet, the steepest flow direction associated with that facet is taken along the steepest edge. The flow direction associated with the pixel is taken as the direction of the steepest downslope vector from all eight facets.
RESULTS
Runoff processes
In this study, the runoff process is discussed on the basis of soil moisture and RC measurements. Change in volumetric soil moisture content (θ) in response to irrigation was analysed with reference to the initial and maximum soil moisture values, θ init and θ max . Thus, Δθ defined as the difference between θ max and θ init shows the magnitude of the Examination of the soil textural structure of all plots, reveals that the clay content is higher in the topsoil layers of the plots that generate surface runoff (Fb3, B3, G1/G2, G3 and G4) than in the topsoil layers of the plots without surface runoff (Fa1, Fa2, Fa3, Fb1 and Fb2) ( Table 2 ). On the one hand, it appears that clay content is linearly correlated with microporosity ( Figure 4 ) and on the other hand, a tendency for a positive correlation between microporosity and RC exists. One possible explanation is that microporosity in grassland topsoil down to 0.35 m promotes matrix flow and delays water routing into macropores. Additional analysis in the topsoil layer between 0 and 0.10 m is needed to confirm this.
Examination of the storage capacity (Δsat) shows that the values obtained for forest soil are significantly higher than those for grassland soil (Figure 5 ). Any influence of external weather factors can be ruled out because the infiltration experiments were carried out during the same periods in the summer season, excluding any precipitation events during at least one week. The higher storage capacity of forest soil is probably due, on the one hand, to more intense root water uptake capacity by trees ( Figure 6) , and on the other, by the larger unsaturated hydraulic conductivity of forest soil. In fact, Figure 6 exhibits significantly higher The groups of plots were compared two by two: 1-2, 1-3* and 2-3 with a significance of 95%. Each box contains 9 measurements (three irrigation intensities and three (topsoil) depths); plots G1, G5, G6 and G7 are not considered because of insufficient data (*only groups 1 and 3 are significantly different for θ max , θ init and Δθ).
Fb3 compared with Fb1 and Fb2 can be explained as follows:
(i) Fb3 has the steepest slope (31.3 W ) compared with slopes in the other forest plots;
(ii) Fb3 has the highest clay content in comparison with the two other plots Fb1 and Fb2 (37.6% in Fb3 against 26.5% in Fb1 and 21.3% in Fb2 according to the mean values throughout entire soil profiles, and 28.1% in Fb3 against 17.1% in Fb1 and 15.7% in Fb2 when considering topsoil up to 0.15 m depth) ( Table 2 ).
In view of these results, it appears that the two types of 
Up-scaling of runoff processes
Results of runoff measurements show that water flows laterally at the soil surface on all plots with grassland soils. Two main slope classes N2 and N3 (10-15 W and 15-20 W , respectively) are statistically distinguished in relation to the RC values obtained in grassland soils (Figure 7(a) ). Additional plots with different slopes (N1<10 W and N4>20 W ) were summarily investigated to improve the accuracy of the prediction at large scale (Figure 7(b) ). Although there are only three investigated plots per slope class, they clearly indicate distinct behaviour in comparison with the other two.
When considering the 16 m 2 plot, a good correlation was observed between measured RC and calculated RC using D inf according to Tarboton () the great difference between the sub-catchments. This is also the case for the RC which is twice as high in A as in B. Increasing rainfall intensity, from 24 to 36 mm h À1 , increases the risk of the predisposition to surface runoff from weak to medium when considering the entire catchment ( Figure 11 ). When considering the change in RC in space scale, it appears that in the sub-catchment A, calculated runoff increased continually from 300 m 3 (in KA2) to 4,944 m 3 (KA4) and decreased to 3,380 m 3 in KA6 because of the forest soil of the predisposition class 1 that infiltrates a considerable portion of the water (Figure 10 and Table 3 (i) It seems that not only the spatial sequence of zones with predisposition to surface runoff plays an important role, but also the tortuosity and length of channels, which enhance the cumulated volume reaching the target outlets;
(ii) The TauDEM-based method is a useful tool to complete the information given by the maps of the predisposition zones, which fail to give information on the change in the processes in space scale.
When using an independent method such as the one described by Rickli & Forster () , which relies on the assumption of hydrologically homogeneous sub-catchments allowing for an objective and replicable evaluation of RC, the RC values obtained were between 0.45 and 0.50 for the same catchment (Zgraggen ) . Although these results are slightly higher than those obtained using TauDEM (RC ¼ 0.34 for a rainfall intensity of 48 mm h À1 ), they confirm the estimations made in this study. The estimation error of the Rickli and Forster method was evaluated to be ±20% (Dobmann ). The difference between the results obtained can be explained by the fact that the method Figure 10 | Map of the flow network defined by the terrain analysis using digital elevation model according to Tarboton (1997). used in this study is based on local hydrodynamic response, whereas the Rickli and Forster method infers the hydrologic reaction from soil properties and land use, with the aim of delineating the locations of different reactions to precipitation within the catchment.
Although the TauDEM-based method gave satisfactory results in terms of flow processes, additional consideration of the geology is needed to take the deep flow percolation into account for the runoff calculations. Further in-situ measurements of runoff under natural events at different outlets in a gauged catchment are needed to validate the estimated values and to take into account the changes in runoff processes on a temporal scale.
CONCLUSIONS
The main aims of this study were: (i) to identify and characterize flow processes at the plot scale, and (ii) to up-scale this knowledge to the catchment scale, by combining maps showing flow directions, with maps of zones with a predisposition to surface runoff and in-situ sprinkling experiments.
The marked differences in the textural and structural porosities between forest and grassland plots appear to control runoff processes. On the one hand, forest soil has a higher storage capacity than grassland soil, probably caused by large unsaturated hydraulic conductivity and root water uptake resulting in lower surface runoff. On the other hand, fine material present in the topmost ten centimetres helps to generate a structure that is probably unfavourable to vertically downward percolation and thus enhances surface runoff as observed on the grassland plots. However, within each soil category, slope plays an important role in generating surface runoff.
The method based on the Terrain Analysis Using Digital Elevation Model (TauDEM) (Tarboton ) was calibrated on 16 m 2 plot. Validation at this scale gave 
